and midgut distention. Similarly hostile conditions occur in many patients undergoing either decompressive laparotomy or planned reoperation for severe abdominal infection. Tension-free closure of the abdominal incision is impossible (15) . Instead, a temporary closure device is used to contain and protect the exposed visceral mass (16) . During the subsequent week, two opposing processes take place. Edema and bowel distension gradually subside, allowing reapproximation of the skin edges. At the same time, the musculo-fascial layer retracts laterally, enlarging the fascial defect.
Resolution of interstitial edema in the critically ill patient is a highly variable process (17) . Following an uncomplicated damage control procedure, edema usually begins to subside on postoperative day 3-5 (13) , in conjunction with brisk diuresis and a negative fluid balance. However, in the presence of sepsis or multiple-organ dysfunction the patient typically continues to accumulate fluid and interstitial edema, a process that may take weeks to resolve (6, 14, 18) .
Lateral retraction of the wound edges results in a progressively larger gap in the fascia. Smith et al (19) noted that this process makes it difficult to reapproximate the fascial edges after the third postoperative day, but the factors governing the rate and extent of wound retraction remain ill defined.
If left to granulate, the open abdominal wound heals by secondary intention like any other large soft tissue defect. Granulation tissue begins to appear at the beginning of the second postoperative week. A carpet of granulation tissue covers the exposed bowel on postoperative day 10-15, creating dense vascular adhesions between bowel loops (13) . From the perspective of abdominal closure, the granulation process obliterates the peritoneal space between the abdominal wall and the abdominal visceral mass, so that the abdominal content adheres to the undersurface of the anterior abdominal wall (Fig. 1 ). This "frozen abdomen" precludes definitive abdominal closure because it is impossible to mobilize the abdominal wall off the adherent bowel loops (17) . The granulating wound is thus covered with a skin graft and allowed to undergo gradual contraction and matu-
INTRODUCTION
The open abdomen is an iatrogenic disease of modern abdominal surgery. Deliberately leaving a laparotomy wound open is now the standard of care in clinical situations that require either planned reoperations or decompression of intra-abdominal hypertension. Damage control surgery (1) and management of severe abdominal infection (2, 3) are examples of the former, while leaving the abdomen open after repair of a ruptured abdominal aortic aneurysm (4, 5) or decompressive celiotomy for abdominal compartment syndrome (6) (7) (8) are examples of the latter. Less commonly, partial loss of the abdominal wall (9) (10) (11) or septic dehiscence of a laparotomy incision (12) prohibit immediate definitive closure and result in an open abdomen.
The "state of the art" in definitive abdominal closure is currently undergoing a quiet revolution. Until recently, the two options available to surgeons were either early closure within a week or so after the original operation, or allowing the wound to granulate (the so-called "planned ventral hernia") (13, 14) with definitive closure 6-12 months later.
All this is now changing. Four new conceptual and technical advances have changed definitive abdominal closure. The aim of this review is to show how these new concepts, combined with better understanding of wound healing dynamics, converge to offer surgeons a greatly simplified approach to the critically ill patient with an open abdomen.
THE OPEN ABDOMEN AS A HEALING WOUND
At the conclusion of a damage control laparotomy the abdominal wall is typically edematous and noncompliant. There is swelling of the visceral content ration over several months, the so-called "planned ventral hernia", a concept first introduced by Fabian et al (13, 14) as a safe strategy for managing the open abdomen.
EARLY VS. LATE CLOSURE
Definitive closure of the open abdomen can be early or late (17) . Early closure is, quite simply, delayed primary closure of the wound where the fascia is reapproximated before the appearance of granulation tissue. Late closure is an elective reconstruction of the defect, typically after 6-12 months or more from the initial operation (13, 14) . Contrary to simple early closure, late closure is often a formidable technical undertaking (16) .
The challenge in the operative management of the open abdomen is to maximize the number of patients undergoing early closure, because it is technically straightforward and associated with the least morbidity. The open abdomen is a "catabolic drain" much like an extensive burn: it provides a large surface area for fluid and protein loss, and the massive wound healing process consumes calories and proteins (13) .
The cardinal difference between the open abdomen and other large soft-tissue defects is the exposed bowel. Unprotected bowel is prone to dessication, iatrogenic trauma and fistula formation (20) . Lastly, the patient with an open abdomen is often a logistical nightmare and a heavy burden on hospital resources, requiring multiple reoperations and prolonged stay in the intensive care unit. For all these reasons, early closure -if feasible -is clearly in the patient's best interests.
NEW CONCEPT 1 -PRESERVING THE PERITONEAL SPACE
The healing process of the abdominal wound allows only a limited window of opportunity for early closure. This window opens when edema subsides and closes when the peritoneal space between the wall and the visceral mass becomes obliterated with granulation tissue. The duration of the window is variable, but in the absence of infection it usually lasts from the middle of the first postoperative week until the middle of the second week.
Traditional temporary abdominal closure techniques have focused on providing simple atraumatic containment of the viscera (16) . This was typically achieved by using either absorbable mesh (13) or a plastic silo (16, (21) (22) (23) sutured to the skin or fascia. All this changed in in 1995, when Barker et al (24, 25) introduced the vacuum pack, a "sandwich" technique whereby the visceral sac is first wrapped by a polyethylene sheet, then covered with an absorptive layer (surgical towel) and finally protected on top by an external layer of adhesive drape applied to the skin, with suction applied to drains placed between the layers of the sandwich (Fig. 2 ). Unexpectedly, this 
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sutureless temporary closure technique proved to be more than just an elegant containment solution. The polyethylene sheet tucked between the bowel and the abdominal wall turned out to be a physical barrier that prevents adhesion formation between the bowel and the abdominal wall. In other words, it preserves the peritoneal space and greatly delays the onset of the "frozen" abdomen. Loops of bowel develop granulations and adhere to each other, but the space between the bowel and abdominal wall remains free and the wall remains mobile. Thus a simple technical modification of temporary closure inadvertently changed the biological behavior of the open abdomen by extending the window of opportunity for definitive abdominal closure from about a week to as long as a month from the initial operation (17) .
NEW CONCEPT 2 -PROGRESSIVE ABDOMINAL CLOSURE
With traditional temporary closure techniques, nothing is done to reduce the size of the abdominal wound while the patient is awaiting definitive closure. Not unexpectedly, this passive approach often results in a giant defect from lateral retraction of the musculo-fascial layer. The idea that the edges of the abdominal wound can be gradually approximated between reoperations was pioneered by Wittmann et al. (3, 26) . They introduced a burr-like temporary closure device which allowed gradual approximation of the wound edges and yet could be easily opened to provide access for planned reoperations. A wide variety of other creative solutions for progressive abdominal closure has been suggested since (27) (28) (29) (30) (31) (32) (33) (34) . All rely on the same underlying principle that while the patient is in intensive care with an open abdomen between reoperations, the wound edges can be put to useful work. At the very least, applying medial traction to the fascial edges reduces lateral retraction. At best it gradually decreases the size of the abdominal defect, facilitating definitive closure.
NEW CONCEPT 3 -VACUUM-ASSISTED WOUND MANAGEMENT
The principles of vacuum-assisted wound management have been in extensive use since the concept was introduced by Argenta et al (35) (36) (37) in 1997. Application of negative pressure has a remarkable effect on soft tissue wounds: it accelerates granulation tissue formation, augments blood flow and lowers bacterial counts in complex and chronic wounds (36, 38) . It is therefore not surprising that the concept was soon applied to the open abdomen (28, 39) . The vacuum-assisted system can be seamlessly integrated with the vacuum pack technique by leaving the polyethylene sheath around the visceral mass (the deepest layer of the "sandwich"), and replacing the absorptive towel in the middle layer with the polyurethane sponge of a commercially available vacuum-assisted wound management system. It is important to make sure that the bowel is protected from the negative pressure. The entire system is then covered with an adhesive drape applied to the skin to achieve of seal (Fig. 3) . The absorptive sponge and negative pressure of the vacuum-assisted wound management system apply medial traction on the wound edges, bringing about progressive closure of the wound. A major advantage of vacuum-assisted management is that it offers a solution to one of the most dreaded complications of the open abdomen: the exposed fistula. This type of fistula is a hole in the GI tract draining through the abdominal defect (40) . It is caused either by incidental (or iatrogenic) trauma to the exposed bowel or by an anastomotic leak. In a "frozen" open abdomen, the exposed fistula is an intractable and often lethal complication because it is very difficult to control and repair (40, 41) . However, there are recent reports that vacuum-assisted wound management can effectively control the effluent from an exposed fistula, allowing wound healing around it (39, 42, 43) . These preliminary reports concur with our own experience of 4 patients with exposed fistulae, in whom the fistula was successfully controlled by continuous suction with the vacuum-assisted wound management system. The abdominal wound healed around the fistula and it was repaired in a delayed fashion.
NEW CONCEPT 4 -BIOLOGICAL MESH
Late definitive closure typically means bridging a large gap between the fascial edges of the abdominal wound. Until recently, the technical options were either using autologous tissue or a non-absorbable mesh prosthesis (31) . The former include the components separation technique (44) (45) (46) , myocutaneous flaps (47) and tissue expanders (48) , while the latter include various types of commercially available syn- thetic mesh (49) . The cardinal sin of definitive abdominal closure is an exposed non-absorbable synthetic mesh. Therefore, the choice between the tissue and prosthesis options hinged on the quality and stability of skin cover over the defect (47) . In addition, synthetic mesh cannot be used in a contaminated field. Components separation has enjoyed popularity as an effective autologous tissue option that can easily be undertaken by a general surgeon (44-46) because it is based on relaxing incisions in the external oblique fascia immediately lateral to the rectus sheath. However, a recent report of a 32% recurrent herniation rate (50) has somewhat dented the initial enthusiasm for this option.
All these considerations are now rapidly becoming irrelevant with the recent introduction of a nonabsorbable biologic prosthesis made of allogenic acellular dermal matrix (51) (52) (53) . Experimental studies in animals have shown that this prosthesis is incorporated into the surrounding tissue and becomes vascularized (51, 52) while maintaining tensile strength equivalent to synthetic prostheses. Acellular dermal matrix is an evolving technology ( Fig. 4 ).T he reported clinical experience is still anecdotal (54) , and there are no long-term results. The limited size of individual segments of the prosthetic material requires a time-consuming "piecing together" of multiple segments to bridge a large fascial defect. Nevertheless, it is a promising innovation because it enables definitive abdominal closure in clinical situations where the use of synthetic mesh could not even be contemplated. Contaminated wounds, lack of skin coverage, or the presence of stomas are obvious examples. Furthermore, the biological mesh continues to "heal" by granulation ( Fig. 5 ) and the wound can still be managed with the vacuum-assisted system until the skin can be approximated over the prosthesis, achieving complete definitive closure of the abdominal wound.
CONVERGING CONCEPTS
The four new concepts described above are clearly interdependent. Preserving the peritoneal space by using the vacuum pack retains medial mobility of the abdominal wall and thus extends the window during which progressive closure can work. Vacuumassisted wound management results in a smaller defect which is then amenable to closure using a biological prosthesis. Since the onset of the "frozen abdomen" is greatly delayed, and since a nonabsorbable biological prosthesis can be implanted even in a grossly compromised field, a "planned ventral hernia" can no longer be justified in the great majority of patients with an open abdomen.
The first group to identify the convergence of these concepts were Miller et al (17) from Wake Forest University. By combining the vacuum pack with vacuum-assisted wound management they achieved definitive closure as long as a month after the initial laparotomy. A later report from the same group (55) showed successful definitive repair in 88% of patients. Similarly, Suliburk et al (56) reported a definitive closure rate of 86% using the same approach in a series of 35 patients. These results contrast dramatically with early definitive closure rates of 4-22% (14, 16) reported in large series using the traditional approach with temporary abdominal closure techniques that do not preserve the peritoneal space. While more data and longer follow-up are certainly needed, these initial results speak for themselves.
OUR CURRENT APPROACH
We use the vacuum pack for temporary abdominal closure while the patient is undergoing reoperations. Once the reoperative sequence has been completed and the patient's abdomen is ready for closure, we wait for a negative fluid balance and then attempt early closure. Experience has taught us that it is futile to attempt early closure in a swollen patient who has not "turned the corner" with brisk diuresis. Some surgeons in our group give diuretics in an effort to achieve an earlier negative fluid balance, without any evidence that it makes a difference.
If at this time early closure is not possible, we exchange the middle and upper layers of the vacuum pack "sandwich" into the polyurethane sponge and occlusive drape of the vacuum-assisted wound management system. Depending on the subsequent clinical progress of the patient and the progression of wound healing, we then perform definitive wound closure within the next week or so, rarely later. If the fascial edges come together without tension, we simply close the wound. If there is a considerable gap, we bridge it using a biological prosthesis.
SUMMARY
Contrary to the management strategy recommended only 2-3 years ago (14) , temporarily covering the open abdomen with an absorbable mesh or a plastic sheath without preserving the peritoneal space is no longer considered in the patient's best interest. The use of the vacuum pack, in conjunction with vacuum-assisted wound management and new biological prostheses now offer patients with an open abdomen a better and simpler alternative to the giant "planned ventral hernia". With very few exceptions in the most critically ill patients, the survivors of damage control surgery or infected pancreatic necrosis should not be sent home with a huge defect only to undergo a complex reconstruction a year later. Simpler and better alternatives exist. The new concepts and technologies presented in this review, when widely adopted, will rapidly translate into safer and better management of the patient with an open abdomen.
